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Silver diffuses into chalcogenide films upon light exposure, and the kinetics of photodiffusion has
been a subject of various investigations because of the difficulties in the in situ determination of the
time-dependent Ag reaction and diffusion development in the chalcogenide layers. In this paper, we
report the results of time-resolved neutron reflectivity measurement of Ag/Ge40S60/Si substrates
under light exposure to clarify the kinetics of Ag photodiffusion into Ge-rich Ge chalcogenides. It
reveals that Ag ions diffuse all over the Ge chalcogenide host layer once Ag dissolves into the layer
without forming a metastable reaction layer unlike the case of S-rich Ge chalcogenide such as
Ge20S80. The decay curve suggests that the Ag dissolution is determined by two types of Ag captur-
ing chalcogen sites. Also, the observed relaxation time showed anomalous chalcogenide layer thick-
ness dependence. This is attributed to an additional diffusion-driven accelerating factor, which is
unique to the silver photodiffusion. Furthermore, we observed indicative changes in the formation
of an inhomogeneous in-plane structure at the Ag/chalcogenide interface. This would be related to
the nucleation and growth of the Ag-dissolved reaction product. Published by AIP Publishing.
https://doi.org/10.1063/1.5000858
I. INTRODUCTION
Amorphous chalcogenides exhibit various photo-induced
changes due to their structural flexibility.1 Silver photodiffu-
sion2,3 is one of them, and it has been attracting much atten-
tion from fundamental and application points of view since
its discovery in 1966.2 This phenomenon occurs because of
the excitation of lone-pair electrons related to chalcogen
atoms and Ag ionization by light. Electrons, ions, and struc-
tural stability are closely related to each other for its manifes-
tation, and an interdisciplinary approach between amorphous
semiconductor physics and ion conductor physics is required
to understand the photo-induced Ag diffusion into chalcogen-
ide glasses. There are potential applications such as photo-
resist,4 the fabrication of relief images in optical elements,5
optical waveguides, microgratings, holographic gratings,6
and non-volatile memory devices,7 and the understanding of
the mechanism is also of interest for the application field. So
far, there have been considerable investigations on the kinet-
ics of silver photodiffusion. Many different studies have been
utilized to give information about how Ag ions diffuse into
the chalcogenide (Ch) layer—from electrical resistivity mea-
surement,8,9 optical transmittance measurement,10 modified
optical reflectivity measurement,11–13 X-ray diffraction mea-
surement,14,15 to Rutherford backscattering (RBS).16–22
Among these techniques, electrical resistivity and X-ray dif-
fraction are good tools to evaluate the Ag thickness, but it is
difficult to obtain information on the chalcogenide layer and
the reaction layer through them. The optical transmittance
and reflection measurements are also good techniques to find
the time-dependent change in the selected layer. However, it
is also difficult to provide information on all layers. RBS is
the powerful technique to clarify the depth profile of all com-
positional elements. From several RBS works, it was demon-
strated that photo-diffused films showed a step-like silver
distribution, in which Ag concentration was constant in the
reaction layer in the depth direction, but it abruptly dropped
at a certain point.
Ideally speaking, it would be best to perform in situ
RBS to clarify the silver diffusion kinetics, in which the
position of Ag ions in the depth direction is definitely dem-
onstrated. However, the in situ RBS would give incorrect
results, because the strong ion beam used should also induce
silver diffusion.17,18,21,23 Therefore, precise RBS studies on
silver diffusion kinetics have been done by ex situ techni-
ques, using weak ion beams and several films with different
illumination times. However, it is desirable to perform in
situ studies using a proper probe beam.
X-ray/neutron reflectivity is also a powerful technique to
clarify the depth profiles in multi-layer films. The use of bril-
liant X-ray beams such as synchrotron radiation will provide
precise information on the time-dependent change. However,
silver diffusion can also be induced by a strong X-ray beam,24
and the use of neutron beams is considered safer. Recently,
we performed neutron reflectivity measurements of Ag/Ge
chalcogenide films25–29 and found that this technique is quite
useful to observe the time-dependent changes in the films in
the depth direction without inducing the silver diffusion
by the probe beam itself. From the preliminary results of the
Ag/Ge20S80/Si substrate, the Ag/Ge25S75/Si substrate, and the
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Ag/Ge40S60/Si substrate,
25,28 it was found that silver diffusion
kinetics markedly depends on Ge composition. A detailed
measurement and analysis of the stoichiometric composition,
Ge33S67/Ag/Si substrates, revealed the time variation of the
thicknesses of Ag and the reaction layers, and a clear Ch layer
thickness dependence on the silver diffusion was found from
the study.29 In this paper, we focus on a Ge-rich compound,
which is considered to show different behavior from the stoi-
chiometric composition, and report the detailed results of neu-
tron reflectivity measurements of Ag/Ge40S60/Si substrate
films. In addition, we discuss the mechanism of silver photo-
diffusion into the Ge-rich compound layer, based on the
experimental result.
II. EXPERIMENTAL
Neutron reflectivity is theoretically calculated by giving
the scattering length density (SLD), the thickness, the rough-
ness, and the modulus of the wavevector transfer Q, using
Parratt’s recursive method or the Abeles matrix method.30–32
The SLD is given by
P
i niðzÞbi, where ni is the number den-
sity (L3) of the i-th nucleus at the distance of z from the
interface and bi is the scattering length of the nucleus.
Usually, the experimental reflectivity is evaluated by com-
paring it with the calculated one from a SLD depth profile
model. Recently, Fourier transform technique was suggested
as a model-free analysis to clarify a basic multi-layer struc-
ture of films in terms of the number of layers and their thick-
nesses.33,34 Since it was not easy to assume a proper model
in the present study, we performed Fourier transform analy-
sis before performing a model calculation. The neutron
reflectivity measurements were carried out on a SHARAKU
(BL17)35 at the Materials and Life Science Experimental
Facility (MLF) of the Japan Proton Accelerator Research
Complex (J-PARC). At the MLF, intense pulsed neutrons
are generated through nuclear spallation reactions between a
high-energy proton beam and the liquid-Hg target with a rep-
etition rate of 25Hz. The neutron flux is proportional to the
power of the incident proton beam which was about 200 kW
in the experiment. White light from a 300W xenon lamp
(MAX-303, ASAHI Spectra, Co., Ltd.) was used as an exci-
tation light source. Using a mirror module for the visible
light region, the light has a spectrum in the range from 350
to 800 nm (the mirror module has the transmittance more
than 90% from 390 to 720 nm). Neutron reflectivity, R, was
obtained by R ¼ I=I0, where I is the intensity of the reflected
beam and I0 is the intensity of the incident beam as a func-
tion of neutron time-of-flight (TOF), tTOF. I0 was obtained
by measuring the intensity of the direct beam without a
sample. The TOF was converted to Q, using the relation-
ships: k ¼ htTOF=mL, where k is the neutron wavelength, h
is Planck’s constant, m is the mass of a neutron, and L is
the length between the neutron source and the detector, and
Q ¼ 4p sin h=k where h ¼ hi (incident angle) ¼ hf (scatter-
ing angle). Static measurements before and after light expo-
sure were performed by fixing at two different angles, 0.4
and 0.8. Transient measurement during light exposure was
performed by fixing at one angle, 0.4, and the time evolu-
tion of the transient TOF spectrum was measured using an
event-data recording system. Using the data reduction sys-
tem, arbitrarily time sliced spectra can be obtained from the
recorded data. In the measurement, the collimation slits for
the incident beam were set to be Dh=h ¼ 3%. The details
of the experimental procedure are shown elsewhere.27 The
obtained neutron reflectivity profiles were fitted using the
Motofit package.36
X-ray diffraction was measured using a RINT-Ultima-III
(Rigaku) with an asymmetric diffraction geometry fixing the
incident angle at 0:5 using a Cu Ka incident beam
(0.15418 nm). X-ray reflectivity was measured using a ATX-G
(Rigaku) with a Cu Ka1 incident beam (0.15405 nm) using a
two-crystal (Ge(220)) monochromator.
A bulk Ge40S60 glass was prepared from high purity Ge
and S by using the traditional melt quenching technique.
The glass was then thermally deposited onto a silicon wafer
from a semi-Knudsen cell crucible in an attempt to keep the
composition of the film identical with that of the source
material. The deposition process was carried out in a
Cressington 308R evaporation system at a pressure of
1 10–6 mbar. The thickness of the deposited films was
monitored during the evaporation process using a quartz
monitor which was mounted very close to the silicon wafer
on which the films were deposited. The wafer was rotated
during the deposition for equilibration of the composition
and the thickness of the films. The chalcogenide glass films
were either 150 nm or 200 nm thick, and their deposition
rate was about 0.1 nm/s. On top of these films was deposited
a 50 nm Ag film at a deposition rate of 0.2 nm/s, and the so-
prepared bi-layer units were further studied by neutron
reflectivity.
III. RESULTS AND DISCUSSION
A. Neutron reflectivity measurement
1. Neutron reflectivity before and after light
exposure—accumulated total light effect
Static neutron reflectivity profiles of a Ag 50 nm/Ge40S60
150 nm/Si substrate before and after 117min of light expo-
sure and a Ag 50 nm/Ge40S60 200 nm/Si substrate before and
after 94min of light exposure are shown in Fig. 1. Fourier
transforms of RQ4 are shown in Fig. 2. The position of the
peak indicates the thickness of the layer in the film. In the
Fourier transform of the Ag 50 nm/Ge40S60 150 nm/Si sub-
strate before the light exposure, there are three peaks at 42,
123, and 165 nm, showing the layer thickness of Ag, Ge40S60
and the sum of these layers, respectively. In general, nþ1C2
¼ ðnþ 1Þn=2 peaks (C: combination, nCr ¼ n!=fr!ðn rÞ!g)
are observed in the Fourier transform, for a multi-layer thin
film composed of n layers, which have (nþ 1) interfaces.34
The results of the number of peaks and their positions ensure
that the two-layer structure composed of Ag and Ge40S60
layers is intact without any reaction during the measurement
before the light exposure and that the film was prepared with
roughly the same thicknesses as we have controlled by a crys-
tal monitor during thermal evaporation. After 117min of light
exposure, there are still three peaks, and the position shifted
to 40, 130, and 170 nm, respectively. This means that the
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two-layer structure is maintained after the light exposure. In
our previous paper,25 we interpreted that Ag/Ge40S60 changed
to two reaction layers with different Ag content after the light
exposure. However, the results of X-ray diffraction measure-
ments suggest that the Ag layer still exists in the sample after
the light exposure (see, Appendix A). Therefore, the shift of
the peak position indicates that the Ag layer becomes thinner
from 42 to 40 nm and the Ch layer expands from 123 to
130 nm upon the introduction of Ag ions. For the Ag 50 nm/
Ge40S60 200 nm/Si substrate, the first peak shifts from 45 nm
to 36.5 nm upon light exposure. This indicates that Ag is
more dissolved in Ag 50 nm/Ge40S60 200 nm/Si.
Considering the results of the Fourier transform and the
X-ray diffraction, we performed a model fitting to the neutron
reflectivity curve, and the result is shown in Fig. 3. The fitted
curves are shown as red curves in Fig. 1. It is noted that a
metastable Ag-rich reaction layer is not formed between the
Ag layer and the Ch layer, and that one uniform reaction
layer is formed throughout the Ch host layer. This means that
the Ag ions immediately diffuse all over the Ch host layer
once they dissolve into the Ch host layer upon light exposure.
This diffusion process is the same as that of the stoichiomet-
ric Ge33S67/Ag/Si substrate,
29 and is in contrast to the S-rich
case of Ag/Ge20S80 (Ref. 25) and Ag/Ge25S75.
28 Considering
the residual amount of the Ag layer after light exposure for
the samples with different Ge-compositions and the previous
studies of Ag diffusion in S-rich films,37 it seems that more
sulfur content leads to more silver dissolution into the Ch
layer. We assume the reason to be not only the leading role of
the electron-hole pair formation in the chalcogen atoms and
Ag ionization by light illumination but also the difference in
diffusion products that form.38 This specificity of the diffu-
sion phenomenon is obviously related to the dual role of Ag
as a dopant in the Ge-chalcogenide systems.39 The Ag-doped
reaction layer is supposed to be in an amorphous form as our
previous X-ray diffraction measurements suggest.40
It is also noted that there is a dip in the SLD profile
between the Ag layer and the Ch host layer after the light
exposure. Especially, the dip is very deep in the Ag 50 nm/
Ge40S60 200 nm/Si substrate. Such a dip was needed to fit the
neutron reflectivity curve. Although the model may not be
the unique solution for the curve fitting, the dip was also
observed in the SLD profile obtained from X-ray reflectivity
measurements (see, Appendix B), and the presence of the dip
is supposed to be probable. The presence of the dip can also
be explained from the result of Fourier transform in Fig. 2.
According to the theory of the Fourier transform of X-ray/
neutron reflectivity,32 the reflectivity, R, is expressed as
FIG. 1. Static neutron reflectivity profiles of the Ag 50 nm/Ge40S60 150 nm/
Si substrate and the Ag 50 nm/Ge40S60 200 nm/Si substrate before and after
light exposure (dots with error bars) and the calculated curves by model fit-
ting (red curves). The curves are shifted vertically for readability. FIG. 2. Fourier transforms of RQ
4 of the Ag 50 nm/Ge40S60 150 nm/Si sub-
strate and the Ag 50 nm/Ge40S60 200 nm/Si substrate before and after light
exposure.
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RðQÞ  16p
2
Q4

ð1
1
db
dz
eizQdz

2
: (1)
When we consider the simple case of one uniform layer,
of thickness L and SLD b1, on a substrate of SLD bs, the
depth profile of the SLD is given by
bðzÞ ¼
bs z < L
b1 L < z < 0
bair ¼ 0 z > 0;
8><
>: (2)
and the reflectivity is expressed as
RðQÞ 16p
2
Q4
ðbs  b1Þ2 þ ðb1  bairÞ2
h
þ2ðbs  b1Þðb1  bairÞ cos ðLQÞ
i
: (3)
Overall, we will find a peak at L by the Fourier trans-
form of RQ4, and the height of the peak should be propor-
tional to the amplitude of the cosine curve in Eq. (3). It is
noted that the amplitude of the cosine curve is expressed as
the product of the differences (the contrast) in the SLD at
two interfaces. This means that the height of the first peak in
Fig. 2 is related to the product of the contrast at both interfa-
ces of the Ag layer (air side and Ch side). As far as the Ag
layer remains in the Ag dissolution process, the contrast at
the air/Ag interface does not change and we can only con-
sider the change in the contrast at the Ag/Ch interface. In
Fig. 2, the first peak height decreases upon light exposure in
the Ag 50 nm/Ge40S60 150 nm/Si substrate, while it increases
in the Ag 50 nm/Ge40S60 200 nm/Si substrate. This means
that the contrast at the Ag/Ch interface decreases in the Ag
50 nm/Ge40S60 150 nm/Si substrate, while it increases in the
Ag 50 nm/Ge40S60 200 nm/Si substrate. In fact, the SLD pro-
files in Fig. 3 are consistent with the expectation; the contrast
decreases on average in the Ag 50 nm/Ge40S60 150 nm/Si
substrate, considering the small depth of the dip and the large
roughness at the interface, while the contrast increases in the
Ag 50 nm/Ge40S60 200 nm/Si substrate by assuming the deep
dip between the Ag layer and the Ch layer. The physical ori-
gin of the dip will be discussed later.
Finally, we would like to remark on the effect of the neu-
tron beam on the silver diffusion. The sample was exposed to
the neutron beam before the light exposure for 7 h to obtain
the neutron reflectivity of the Ag 50 nm/Ge40S60 150 nm/Si
substrate and for 3 h to obtain the neutron reflectivity of the
Ag 50 nm/Ge40S60 200 nm/Si substrate. During the measure-
ment, there was no time-dependent change in the spectrum.
Also, the result of the model fitting assured that the films
FIG. 3. SLD profiles of the Ag 50 nm/Ge40S60 150 nm/Si substrate and the
Ag 50 nm/Ge40S60 200 nm/Si substrate before (black solid line) and after
light exposure (red broken line).
FIG. 4. Time evolution of neutron reflectivity profiles of the Ag 50 nm/
Ge40S60 150 nm/Si substrate during and after light exposure for 117min.
The calculated neutron reflectivity profiles by model fitting are indicated by
red curves. The curves are shifted vertically for readability.
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were intact by neutron beam irradiation. The result strongly
supports that the neutron beam is a good probe to perform
in situ measurements.
2. Time-resolved neutron reflectivity—photodiffusion
kinetics
The time evolution of neutron reflectivity profiles during
and after light exposure is shown in Fig. 4 (Ag 50 nm/
Ge40S60 150 nm/Si substrate) and Fig. 5 (Ag 50 nm/Ge40S60
200 nm/Si substrate). Although the Q range was limited to
0.09<Q< 0.40 nm–1, the range is considered enough as the
analytical result shown later will demonstrate. The time
width of the transient spectrum was determined, considering
the speed of the photo-induced changes and the statistics of
the data.
Fourier transform of RQ4 is shown in Fig. 6 (Ag 50 nm/
Ge40S60 150 nm/Si substrate) and in Fig. 7 (Ag 50 nm/
Ge40S60 200 nm/Si substrate). In both cases, the first peak
shifts to the thinner side upon light exposure, but it still
remains in the observable thickness range during the light
exposure time. This indicates that the Ag layer becomes thin-
ner by silver photodiffusion, but the Ag layer remains even
after the light exposure in both cases.
Time variation of the position and the height of the first
peak in the Fourier transform is shown in Fig. 8. For the Ag
50 nm/Ge40S60 200nm/Si substrate, the peak position decreases
from 47 to 32nm, suggesting the decrease of the Ag thickness
by 15 nm by silver photodiffusion. It decreases rapidly in the
first 2min and continues to decrease in the next 20min, reach-
ing a saturation. For the Ag 50nm/Ge40S60 150 nm/Si substrate,
the peak position rapidly decreases in the first 10min by 3nm,
and then, gradually decreases until the light shutter is closed.
The peak position changes from 47 to 40nm by 7nm, in total.
It seems that there are two reaction stages with different relaxa-
tion times for both the films. As for the peak height, it rapidly
increases in the first 20min, and then decreases after 20min for
the Ag 50 nm/Ge40S60 200 nm/Si substrate, while it moderately
increases in the first 10min, and then, decreases after 10min
for the Ag 50 nm/Ge40S60 150nm/Si substrate. Considering
the relationship between the first peak height and the difference
in the SLD at the Ag/Ch interface, the decrease of the peak
height of the Ag 50 nm/Ge40S60 150nm/Si substrate, which is
observed after 10min, indicates the silver diffusion because the
difference in the SLD decreases by the introduction of Ag ions
into the Ch host layer. On the other hand, the increase of
the peak height of the Ag 50 nm/Ge40S60 200 nm/Si substrate,
which is observed in the first 20min, indicates the appearance
of the interface layer with a smaller SLD than the Ch host layer
because the difference in the SLD increases by the growth
of such an interface layer. Since the maximum peak height is
FIG. 5. Time evolution of neutron reflectivity profiles of the Ag 50 nm/
Ge40S60 200 nm/Si substrate during and after light exposure for 94min. The
calculated neutron reflectivity profiles by model fitting are indicated by red
curves. The curves are shifted vertically for readability.
FIG. 6. Time evolution of the Fourier transform of RQ4 of the Ag 50 nm/
Ge40S60 150 nm/Si substrate during light exposure. The curves are shifted
vertically for readability.
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about 1.7 times of the initial one, the SLD of the interface layer
is supposed to be very small.
Assuming that the above changes are expected from the
result of the Fourier transform, we performed a model fitting
to the experimental neutron reflectivity profile. The time evolu-
tion of the obtained SLD profile model is shown in Fig. 9 (Ag
50 nm/Ge40S60 150 nm/Si substrate) and Fig. 10 (Ag 50 nm/
Ge40S60 200 nm/Si substrate). The fitted reflectivity profiles are
shown as red curves in Figs. 4 and 5. The time evolution of the
SLD profile clearly shows how the Ag layer becomes thinner,
how the Ch host layer changes, and how the interface layer
grows. Time variation of the thickness of each layer is shown
in Fig. 11. Similar to the result of the first peak position in the
Fourier transform in Fig. 8, the Ag thickness rapidly decreases
in the first 2min and continues to decrease in the next 20min,
reaching a saturation for the Ag 50 nm/Ge40S60 200 nm/Si sub-
strate, while the Ag thickness rapidly decreases in the first
10min and continues to decrease slowly until the light shutter
is closed for the Ag 50 nm/Ge40S60 150 nm/Si substrate. As for
the time variation of the Ch host layer thickness, it is similar to
that of the Ag thickness for Ag 50 nm/Ge40S60 200 nm/Si,
while it is difficult to find changes for Ag 50 nm/Ge40S60
150 nm/Si because of the accuracy of the present analysis.
Time variation of the SLDs of the Ch host layer and the
interface layer, causing a dip in the SLD depth profile, is
shown in Fig. 12. For the Ag 50 nm/Ge40S60 200 nm/Si
substrate, the SLD of the Ch host layer rapidly increases in
the first 2min and continues to increase in the next 20min,
reaching a saturation. For the Ag 50 nm/Ge40S60 150 nm/Si
substrate, the SLD of the Ch host layer gradually increases
in the first 10min and continues to increase slowly until the
light shutter is closed. This is consistent with the change in
the Ag thickness, and the results are considered reasonable
because the content of the missing Ag ions from the Ag layer
should be equal to the increase in the Ag ions in the Ch host
layer, leading to the increase in the SLD of the Ch host layer.
Time variations of the difference in the SLD between the
Ag layer and the interface layer [DSLD (Ag/interface)], and
the difference in the SLD between the Ch host layer and
the interface layer [DSLD (Ch host/interface)] are shown in
Fig. 13. As explained in Sec. IIIA 1, the height of the first
peak in the Fourier transform is related to DSLD (Ag/inter-
face). Therefore, time variations of the peak height and DSLD
(Ag/interface) are supposed to show similar behavior. In fact,
the time variation of DSLD (Ag/interface) (Fig. 13) is similar
to that of the peak height (Fig. 8). The result can also support
the SLD model, obtained from the fitting. The DSLD (Ch
host/interface) indicates the depth of the interface layer; zero
means no dip in the SLD profile. Time variation of DSLD (Ch
host/interface) shows how the dip grows during the light
exposure and how much remains after the light exposure. The
dip of the Ag 50nm/Ge40S60 200 nm/Si substrate is about
FIG. 7. Time evolution of the Fourier transform of RQ4 of the Ag 50 nm/
Ge40S60 200 nm/Si substrate during light exposure. The curves are shifted
vertically for readability.
FIG. 8. Time variation of the position and the height of the first peak in the
Fourier transform in Figs. 6 and 7. The result of Ag 50nm/Ge40S60 150 nm/Si
is indicated by blue triangles and that of Ag 50nm/Ge40S60 200 nm/Si is
indicated by red circles.
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three times deeper than that of the Ag 50 nm/Ge40S60 150 nm/
Si substrate.
B. Mechanism of silver photodiffusion into Ge-rich Ge
chalcogenide
1. Ag capturing site in Ge chalcogenide
It was found from the present study on Ge-rich Ge chalco-
genide that the Ag layer was not exhausted by the prolonged
light exposure for more than 90min. On the other hand, in our
previous study, we observed that the Ag layer was immedi-
ately dissolved into the Ch host layer exhausting the Ag layer
with the thickness of 50 nm when the chalcogenide is Ge20S80
150 nm.25 The results suggest that more Ag ions are dissolved
into the Ge-chalcogenide layer with more sulfur content. In
addition, it was found from the present study and the previous
study on Ge33S67/Ag that more Ag ions can dissolve into the
thicker Ch layer.29 Considering the compositional dependence
and the Ch layer thickness dependence, the content of dis-
solved Ag ions seems to be determined by the content of sul-
fur atoms. This is consistent with the intercalation model,
proposed by Kluge.41 According to the model, the intercala-
tion of Ag ions occurs under participation of Ch-Ch and Ge-
Ch bonds by which new Ch– Agþ bonds are created. We infer
that such capturing of Ag ions takes place in the vicinity of the
Ag/Ch interface. Considering the immediate diffusion over
the Ch host layer, the capture of Ag ions is supposed to be
dynamic; the capturing site moves to other neighboring chal-
cogen sites. Presumably, such a local movement of the captur-
ing site will lead to the silver diffusion in the whole layer.
From the neutron reflectivity measurement of Ag 50nm/
Ge40S60 200nm/Si, it was found that the thickness of the dis-
solved Ag layer was 13.5 nm and the thickness of the initial
Ge40S60 layer was 234nm. Assuming that all content of the dis-
solved Ag and the initial amount of the chalcogenide make one
homogeneous compound and the mass density of Ge40S60 (Ref.
42) is 3.04 g/cm3, the compositional ratio of Ag to Ge0.4S0.6 is
estimated to be 8.9%. Also, from the neutron reflectivity mea-
surement of Ag 50nm/Ge40S60 150nm/Si, we obtained that the
thickness of the dissolved Ag was 6nm, and that the thickness of
the initial chalcogenide layer was 116nm. In this case, the com-
positional ratio of Ag to Ge0.4S0.6 is estimated to be 8.0%. Time
variation of Ag thickness in Fig. 11 shows that the light shutter
was closed before reaching the saturation of Ag dissolution.
Therefore, we expect that Ag can dissolve into the Ch host layer
by 8.9% by more extended light exposure. In our previous study
on the Ge33S67/Ag/Si substrate,
29 the saturated content of Ag
was estimated to be 20% (Ag0.20Ge0.27S0.53). Kawaguchi and
Maruno10 also demonstrated that the total amount of photodoped
Ag for Ag/Ge33S67 is about twice that of Ag/Ge40S60. We attri-
bute the difference in the saturated amount of Ag to the differ-
ence in the structure of the host materials.42–46 The host
amorphous materials are composed of several types of building
blocks which form a network structure. According to Boolchand
et al.,44 amorphous Ge33S67 (GeS2) consists of GeS4 tetrahedral
units and ethane-like S3-Ge-Ge-S3 clusters, which resulted from
FIG. 9. Time evolution of the SLD profile of the Ag 50 nm/Ge40S60 150 nm/
Si substrate, obtained from the fitting to the neutron reflectivity curve in
Fig. 4. The curves are shifted vertically for readability.
FIG. 10. Time evolution of the SLD profile of the Ag 50 nm/Ge40S60
200 nm/Si substrate, obtained from the fitting to the neutron reflectivity
curve in Fig. 5. The curves are shifted vertically for readability.
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the broken chemical order in the amorphous phase, and amor-
phous Ge40S60 consists of ethane-like S3-Ge-Ge-S3 clusters and
the fragments with a double-layer structure, which crystalline
GeS has. In our previous work, we pointed out that the double
layer is composed of zigzag GeS chains which alternatively
align on two different planes.46,47 Such a difference in the build-
ing blocks must affect the saturated amount of Ag ions.
Moreover, we assume that the structure of the host materials can
also be related to the formation of a metastable Ag-rich reaction
layer observed in the silver diffusion for S-rich Ge chalcogenide
(Ge20S80 and Ge25S75). In the S-rich compound, there must have
been S-S bonds available in the participation of Ag ions, in addi-
tion to Ge-S bonds in the GeS4 tetrahedral unit. Such S-S bonds
will contribute to the production of a different type of reaction
layer.
2. Photo-induced kinetics
A study on the reaction rate is also important to under-
stand the mechanism of silver photodiffusion. So far, the
time-dependence of the amount of Ag or reaction products
was investigated by X-ray diffraction,15 optical measure-
ment,10,11,13,22 RBS,18 and electrical resistivity.8,9 Basically,
the reaction curve markedly depends on the Ch composition,
and it would not be easy to describe a unified reaction process.
However, Wagner et al.11,13,22 quantitatively discussed the
reaction rate for Ag/As33S67 using the data on the modified
reflectivity measurement. According to their results, there are
two stages in silver photodiffusion. The thickness of the photo-
diffused layer exponentially increases in the first stage, and the
next second stage is described by a linear rate or a parabolic
rate. In the present study, we plotted the thickness of the Ag
layer, subtracted from the residual thickness after prolonged
light exposure, on a semi-logarithmic plane as shown in Fig.
14. It seems that there are two exponential decay processes
with a certain transition time at 10min for Ag 50 nm/Ge40S60
150 nm/Si and 2min for Ag 50 nm/Ge40S60 200 nm/Si. From
curve fitting to a double-exponential form
FIG. 11. Time variation of the thickness of the Ag layer, the Ch host layer,
and the interface layer between the Ag layer and the Ch host layer. The
result of Ag 50 nm/Ge40S60 150 nm/Si is indicated by blue triangles and that
of Ag 50 nm/Ge40S60 200 nm/Si is indicated by red circles.
FIG. 12. Time variation of the SLD of the Ch host layer and the interface
layer. The result of Ag 50 nm/Ge40S60 150 nm/Si is indicated by blue trian-
gles and that of Ag 50 nm/Ge40S60 200 nm/Si is indicated by red circles.
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dAgðtÞ ¼ A1 exp ðt=s1Þ þ A2 exp ðt=s2Þ; (4)
we obtained s1 ¼ 7.8min and s2 ¼ 188.6min for Ag 50 nm/
Ge40S60 150 nm/Si and s1 ¼ 0.6min and s2 ¼ 9.2min for
Ag 50 nm/Ge40S60 200 nm/Si.
Considering the simple reaction Aþ B! P (A, B: reac-
tant; P: product), the rate equation can be written as
d A½ 
dt
¼ k A½  B½ ; (5)
where [X] indicates the concentration of X and k is the reac-
tion rate. The reaction rate, k, indicates the chance (or, the
probability) of producing P from A and B, and is determined
by the frequency of the collision between the reactants A and
B. In the present experiment, there are two reactants; one is
Ag and the other is the vacant Ag capturing chalcogen sites.
However, in the vicinity of the interface, the concentration of
Ag should always be 100%, because a bulky Ag layer always
exists unless the Ag layer is consumed by silver diffusion.
Therefore, the equation may be written in a simpler form:
d A½ 
dt
¼ k A½ : (6)
In this case, we obtain
A½  ¼ A½ 0 exp ðktÞ; (7)
as the solution of [A].48 Between k and s (relaxation time),
there is a relationship
k ¼ 1=s: (8)
Considering the above equations, the double exponential
form in Eq. (4) indicates that there are two types of vacant
chalcogen sites with a different potential barrier to capture
Ag ions. According to the ab initio simulations for Ag-
GexSe1–x, it was shown that there were two types of Ag ions:
most diffusive and less diffusive.49 Such two types of Ag ion
motions could be related to the two types of the vacant Ag
capturing chalcogen sites. In addition, the presence of differ-
ent types of building blocks could be related to the two types
of vacant chalcogen sites as discussed in Sec. III B 1.
It is also noted that the relaxation time markedly
depends on the Ch thickness. From the present study, it was
found that the Ag ions diffused all over the Ch host layer
immediately after starting the light exposure, forming a uni-
form layer. This means that the Ag capturing vacant sites
also move. In other words, the vacant Ag capturing sites
are successively supplied to the region in the vicinity of the
interface from the Ch host layer, and the concentration is
kept at a higher level unless the Ag capturing sites are
exhausted in the Ch host layer. The thicker Ch layer can
provide more available capturing sites, and it is good to
remember that the actual Ch thickness in Ag 50 nm/Ge40S60
FIG. 13. Time variations of the difference in the SLD between the Ag layer
and the interface layer (upper half) and the difference in the SLD between
the Ch host layer and the interface layer (lower half). The result of Ag
50 nm/Ge40S60 150 nm/Si is indicated by blue triangles and that of Ag
50 nm/Ge40S60 200 nm/Si is indicated by red circles.
FIG. 14. Time variation of the thickness of the Ag layer, subtracted from the
residual thickness after prolonged light exposure, in Ag 50nm/Ge40S60 150nm/Si
and Ag 50nm/Ge40S60 200nm/Si.
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200 nm/Si (234 nm) is almost twice that in Ag 50 nm/
Ge40S60 150 nm/Si (116 nm), as shown in Fig. 3. The succes-
sive supply of the vacant Ag capturing sites will provide an
additional chance for the collision between the reactants.
Therefore, such a diffusion-driven accelerating factor,
kDFðdÞ (>1), which depends on the Ch thickness, d, will be
added to the original reaction rate, k0, resulting in a higher
reaction rate
k ¼ kDFðdÞk0 > k0 ¼ 1=s0: (9)
For different thicknesses (d1> d2)
kDFðd1Þk0 > kDFðd2Þk0: (10)
Therefore
k1 ¼ kDFðd1Þk0 ¼ 1=s1 > k2 ¼ kDFðd2Þk0 ¼ 1=s2: (11)
Thus
s1 < s2: (12)
This would be the reason why the relaxation time markedly
depends on the Ch thickness.
3. Origin of the interface layer
It was found from the present study that the interface layer,
between the Ag layer and the Ch host layer, appears causing a
dip in the SLD depth profile. It is noted that the value is consid-
erably small, less than 1.0 10–4nm–2. Obviously, this is not
a reaction layer because the SLD of the reaction layer should
be between 3.47 (Ag) and 2.21 (Ge40S60) 10–4nm–2. There
could be two possibilities. One possibility is an actual less
dense depth region, like a porous layer with a lot of voids
inside. The other possibility is a region where specular reflec-
tion is partially lost from some reasons.
In fact, we observed the former case in Ge33S67/Ag/Si,
29
in which the surface layer was finally peeled off by the
extended light exposure. A sort of vacant layer was observed
in the neutron reflectivity measurement before the macro-
scopic change. The growth of the vacancy can be regarded as
a precursor of the macroscopic detachment. In the present
experiment, we did not observe such macroscopic detachment,
and the Ag layer and the Ch host layer are supposed to contact
to each other, because silver photodiffusion takes place.
Considering the situation, this case would not be probable.
Although the situation is a little bit different, we observed
a great loss of specular reflection when a visible macroscopic
in-plane structure was formed on the surface of the Ge40Se60/
Ag film after extended light exposure.26 Similar to this case,
we assume that a great loss of specular reflection can also
appear when an in-plane inhomogeneous structure is formed
on the Ag/Ch interface. Such an in-plane structure could be
essentially related to the initial process of the Ag dissolution
into the Ch layer. So far, Elliott50 proposed an initial stage of
silver photodiffusion, considering the growth of the nucleation
in both the depth direction and the lateral one, from their SEM
observation: (1) the formation of dendrites of a photo-induced
reaction product originating from grain-boundary nucleation
sites in the metal and (2) the subsequent lateral photodiffusion
between dendrites. Also, Murakami and Wakaki51 demon-
strated by atomic force microscopy of GeS2/Ag films that an
inhomogeneous lateral structure appeared in the photodiffu-
sion process, suggesting the nucleation of the channel of the
silver-diffusion in the depth direction and the lateral growth of
the channel. Probably, such nucleation sites may appear at the
interface in the process of photodiffusion and the inhomoge-
neity on the plane may lead to a great loss of specular reflec-
tion from the interface region.
Comparing the two samples, Ag 50 nm/Ge40S60 200 nm/
Si has a deeper dip in the SLD profile. Considering the higher
reaction rate in Ag 50 nm/Ge40S60 200 nm/Si, the channel of
the silver diffusion is supposed to grow greater and the loss
in the specular reflection will be greater. This would be the
reason why the dip is deeper in Ag 50 nm/Ge40S60 200 nm/Si.
IV. CONCLUSIONS
We measured time-resolved neutron reflectivity of Ag/
Ge40S60/Si to clarify the kinetics of silver photodiffusion into
Ge-rich Ge chalcogenide. In contrast to S-rich Ge chalcogen-
ide such as Ag/Ge20S80/Si, there is no metastable reaction
layer between the Ag layer and the Ch host layer, and Ag
ions immediately diffuse all over the Ch host layer once sil-
ver dissolves into the host layer. This behavior is the same as
that of the stoichiometric composition, Ge33S67, and the for-
mation of the metastable reaction layer could be the charac-
teristic of the S-rich Ge chalcogenide. It was found from the
decay curve that the Ag dissolution is determined by two
types of Ag capturing chalcogen sites. The presence of two
types of chalcogen sites must be related to the variety of
structural units in the materials. Also, the observed relaxation
time showed anomalous Ch thickness dependence. This is
attributed to an additional diffusion-driven accelerating fac-
tor, which is unique to silver photodiffusion. Furthermore, we
observed indicative changes of the formation of an inhomo-
geneous in-plane structure at the Ag/Ch host layer interface.
This may be related to the nucleation and growth of the Ag-
dissolved reaction product.
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APPENDIX A: X-RAY DIFFRACTION MEASUREMENTS
X-ray diffraction was measured for Ag 50 nm/Ge40S60
150 nm/Si and Ag 50 nm/Ge40S60 200 nm/Si, which were
exposed to the light of the xenon lamp for the time-resolved
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neutron reflectivity measurement. The result is shown in
Fig. 15. It is clear from the figure that the Ag layer remained
even after the light exposure. The X-ray diffraction measure-
ment was performed after five years of the neutron reflectivity
measurement, and there could be some aging effects on
the samples. There are other smaller peaks at 33:8; 34:6;
36:9, and 40:9. Those peaks can be assigned as the diffrac-
tion peaks of monoclinic Ag2S, and Ag2S could appear as a
result of the aging effect.
APPENDIX B: X-RAY REFLECTIVITY MEASUREMENTS
X-ray reflectivity was measured for Ag 50 nm/Ge40S60
150 nm/Si and Ag 50 nm/Ge40S60 200 nm/Si, which were
exposed to the light of the xenon lamp for the time-resolved
neutron reflectivity measurement. The X-ray reflectivity pro-
files are shown in Fig. 16 and the SLD profiles are shown in
Fig. 17. Figure 18 shows Fourier transforms of RQ4 for the
reflectivities in Fig. 16. The measurement was also per-
formed after five years of the neutron reflectivity measure-
ment. However, the basic structure in the SLD profile is the
same as that obtained from the neutron reflectivity measure-
ment (Fig. 3), and the layer structure is considered to be
maintained. The thicknesses of the Ag and Ge40S60 layers
are almost the same between the SLD profiles obtained from
X-ray reflectivity and neutron reflectivity. This can also be
confirmed by the result of Fourier transform in Figs. 18 and
2. The presence of the interface layer with a dip in the SLD
profile was confirmed from both X-ray reflectivity (Fig. 17)
and neutron reflectivity (Fig. 3).
FIG. 16. X-ray reflectivity profiles of Ag 50nm/Ge40S60 150 nm/Si and Ag
50nm/Ge40S60 200 nm/Si, which were exposed to the light of the xenon lamp
for the time-resolved neutron reflectivity measurement. The red curves indi-
cate the calculated reflectivity curves obtained from model fitting.
FIG. 17. The SLD profiles obtained from the fitting to the X-ray reflectivity
curves in Fig. 16.
FIG. 15. X-ray diffraction profiles of Ag 50 nm/Ge40S60 150 nm/Si and Ag
50 nm/Ge40S60 200 nm/Si, which were exposed to the light of the xenon
lamp for the time-resolved neutron reflectivity measurement.
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FIG. 18. Fourier transforms of RQ4 for the reflectivities in Fig. 16. The Q
range for the Fourier transform was selected to obtain comparatively sharp
peaks.
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